Introduction
============

Colorectal cancer (CRC) is one of the most frequent malignant diseases in the world. The metastatic spread of CRC is a crucial factor for the progression and therapeutic management of the disease. Due to the lack of suitable biomarkers for early diagnosis and specific targets for precise treatment, the general prognosis of late-stage CRC remains poor. Currently, the 5-year relative survival rate for metastatic CRC is only \~10% ([@b1-ijo-53-04-1481]). Therefore, the pursuit of early diagnosis markers and novel therapeutic targets is imperative for improving the outcome of these patients.

A substantial body of evidence demonstrates that translationally controlled tumor protein (TCTP), a highly conserved and multifunctional protein, is implicated in the tumorigenesis of various malignances ([@b2-ijo-53-04-1481]--[@b4-ijo-53-04-1481]). The expression levels of TCTP are frequently elevated in human cancer, and a high TCTP status has been associated with a poor outcome in mammary ([@b5-ijo-53-04-1481]), hepatocellular ([@b6-ijo-53-04-1481]) and colorectal cancer ([@b7-ijo-53-04-1481]).

In our previous studies, it was demonstrated that TCTP is involved in CRC progression and metastasis ([@b7-ijo-53-04-1481],[@b8-ijo-53-04-1481]), and a possible mechanism was suggested, in which TCTP may induce activation of the cell division cycle 42 (Cdc42)/c-Jun N-terminal kinase/matrix metalloproteinase (MMP)9 signaling pathway ([@b7-ijo-53-04-1481]), which is closely associated with the invasion and metastatic potential of tumors. However, tumor metastasis is a complex system in which several factors are involved and interconnected to form a large and complex network. Our previous findings may explain certain aspects of the role of TCTP in tumor metastasis, however, whether there is any relevant influential factor that it is important in this metastatic process remains to be elucidated and requires further investigation.

In our previous proteome experiment, it was determined that several important proteins were markedly altered following the knockdown of TCTP ([@b8-ijo-53-04-1481]). Among them, high mobility group box 1 (HMGB1) was of particular interest, as accumulating evidence suggests that HMGB1 is overexpressed in CRC tissue and also contributes to tumor growth and metastasis ([@b9-ijo-53-04-1481]--[@b11-ijo-53-04-1481]). Therefore, it was hypothesized that there may be an important interaction between TCTP and HMGB1 in the tumor metastasis process.

As is known at present, HMGB1 is one of the non-histone chromosomal proteins and also an extracellular damage-associated molecular pattern molecule. It locates in the nucleus where it binds to minor groove DNA, and functions as a regulator of gene transcription. During states of cellular stress or damage, HMGB1 can be released from cells and become an extracellular cytokine, being involved in inflammation, angiogenesis, cell proliferation and migration ([@b12-ijo-53-04-1481]--[@b14-ijo-53-04-1481]). Toll-like receptors (TLRs) and receptor for advanced glycation end products (RAGE) are the main receptors of HMGB1 ([@b15-ijo-53-04-1481],[@b16-ijo-53-04-1481]). Although signaling pathways for the two receptor groups are different, ultimately, they both activate nuclear factor-κB (NF-κB) ([@b12-ijo-53-04-1481],[@b17-ijo-53-04-1481]-[@b19-ijo-53-04-1481]). NF-κB is an inducible dimeric transcription factor, and its prototype in the majority of cell types is the p65/p50 heterodimer. It is usually retained in an inactive state in the cytoplasm by its association with inhibitor of NF-κB (IκB). Upon stimulation, IκBα is rapidly phosphorylated and subsequently degraded by proteasomes, permitting translocation of the p65/p60 heterodimer into the nucleus. This results in the activation of target genes associated with cell proliferation, inflammation, and tumor development and metastasis ([@b20-ijo-53-04-1481],[@b21-ijo-53-04-1481]).

On the basis of the above knowledge, it was hypothesized that TCTP may promote CRC metastasis through regulating the expression and secretion of HMGB1 and consequent activation of the NF-κB signaling pathway. The present study aimed to provide experimental evidence to confirm this hypothesis.

Materials and methods
=====================

Materials
---------

Primary antibodies specific for TCTP (sc-133131), TLR4 (sc-293072), RAGE (sc-365154), NF-κB p65 (sc-8008), IκBα (sc-1643), GAPDH (sc-32233) and Lamin B (sc-374015), secondary anti-mouse (sc-2005) and anti-rabbit (sc-2030) IgG-conjugated horseradish peroxidase, and the specific NF-κB inhibitor Bay117082 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibody specific for HMGB1 (ab18256) was obtained from Abcam (Cambridge, MA, USA). The recombinant human HMGB1 (rhHMGB1) and all other chemicals were supplied by Sigma-Aldrich; EMD Millipore (Billerica, MA, USA).

Clinical samples
----------------

The present study recruited 30 patients who were endoscopically diagnosed and histologically confirmed with CRC and then admitted to Nanfang Hospital, Southern Medical University (Guangzhou, China) between September, 2016 and August, 2017. Among these patients, 21 were men and nine were women, with a mean age of 58.6 years, and 12 patients (40%) were confirmed to have distant metastases by histopathological examination of surgical specimens or by imageological detection. Additionally, 10 individuals with benign colorectal polyps were enrolled as controls (six men and four women, mean age 52.5 years). Peripheral blood samples were obtained from all participants prior to any treatment and stored at −80°C until analysis. The colorectal specimens were obtained following tumor excision or endoscopic polypectomy. The protocols for the collection of human tissues were approved by the Ethics Committee of Nanfang Hospital, Southern Medical University, and written informed consent was signed by each participant prior to their inclusion in the study.

Immunohistochemical examination
-------------------------------

Tissue sections (3 *μ*m thickness) were deparaffinized in histolene and hydrated in graded ethanol. Endogenous peroxidase activity was quenched by treating the sections with 3% hydrogen peroxide in phosphate-buffered saline (PBS) for 10 min. The primary antibody against TCTP or HMGB1 (both at a dilution of 1:1,000) was applied overnight at 4°C. The sections were then incubated for 30 min with the secondary antibody (1:1,000) at room temperature. Finally, the sections were developed by applying diaminobenzidine as a chromogen, followed by counterstaining with hematoxylin. Sections incubated without primary antibody served as negative controls. The slides were semi-quantitatively scored using a Nikon Eclipse E100 microscope (Nikon Instruments, Tokyo, Japan), according to the mean density (the ratio of the integral optical density to the total area), as previously described ([@b7-ijo-53-04-1481]). The mean percentage of positive cells was classified into four categories: 0 for negative, 1 (weak) for \<10%, 2 (moderate) for 10--50%, and 3 (strong) for \>50%.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

The HMGB1 concentrations in serum samples were quantified by means of an HMGB1 ELISA Kit II (Shino-Test, Tokyo, Japan) according to the manufacturer\'s protocol. Briefly, the standard, sample or control was added to 96-well microtiter plates and incubated for 24 h at 37°C. Following washing, anti-HMGB1 peroxidase-conjugated monoclonal antibody was added and incubated at room temperature for 2 h. The plates were washed again and a substrate solution was added. The enzyme colorimetric reaction was allowed to proceed for 30 min at room temperature and terminated by the addition of stop solution. The absorbance was read at 450 nm, and results were calculated using a calibration curve prepared from the standards.

Cell culture
------------

Human colon adenocarcinoma LoVo cells, obtained from American Type Culture Collection (Rockville, MD, USA), were plated on culture flasks and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% inactivated fetal bovine serum (FBS), 2 mM L-glutamine (both from Invitrogen; Thermo Fisher Scientific, Inc.), and 1% penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.) in a humidified incubator at 37°C and 5% CO~2~.

Protein preparation
-------------------

Total proteins were extracted from the tissues with RIPA lysis buffer (Beyotime Institute of Biotechnology, Jiangsu, China) containing protease inhibitors, whereas nuclear and cytoplasmic extracts from LoVo cells were prepared using a Nuclear and Cytoplasmic Protein Extraction kit (Beyotime Institute of Biotechnology). For preparation of the protein in the cell culture medium, an ultrafiltration method was used, as described previously ([@b22-ijo-53-04-1481]). Briefly, the cells in a 100-mm plate were washed and incubated in serum-free medium for 24 h. Following the elimination of cellular debris by 10 min of centrifugation at 3,000 × g at 4°C, the culture medium was concentrated to 100 *μ*l with an Amicon Ultra-15 centrifugal filter (EMD Millipore, Burlington, MA, USA).

Immunoblotting
--------------

The protein concentration of samples was detected by Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s instructions. Samples containing the same quantity of protein (20 *μ*g) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with 12% gels and were electroblotted onto polyvinylidene difluoride membranes. Following transfer, the membranes were blocked with 5% non-fat milk in Tris-buffered saline-Tween and then incubated overnight at 4°C with the different primary antibodies (specific for TCTP, IκBα, NF-κB p65, GAPDH and Lamin B, respectively) at a dilution of 1:200, with the exception of anti-HMGB1 used at a dilution of 1:1,000, followed by incubation with the horseradish peroxidase-conjugated secondary antibodies (1:1,000) at room temperature for 1 h. The immunoreactive bands were detected with an enhanced chemiluminescence system (Pierce; Thermo Fisher Scientific, Inc.). The density of individual bands was quantified by densitometric scanning of the blots using ImageJ software version 1.45 (NIH, Bethesda, MD, USA).

Immunofluorescence assay
------------------------

The cells (5×10^6^/ml) were placed on Matrigel-coated cover slides. After 24 h, cells on the cover slides were fixed with paraformaldehyde and permeabilized with 0.2% Triton X-100. The slides were blocked with 10% bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 1 h and then incubated with rabbit anti-HMGB1 antibody (1:200) at 4°C for 24 h. Following washing with PBS, the cells were incubated with fluorescence-conjugated goat anti-rabbit IgG (A11008; Invitrogen; Thermo Fisher Scientific, Inc.) at room temperature for 30 min and then incubated with Hoechst 33258 (Beyotime Institute of Biotechnology) for 10 min. The cells were then rinsed in PBS, and viewed under a fluorescent microscope.

Construction of short hairpin (sh)RNA plasmid targeting TCTP
------------------------------------------------------------

The RNA interference experiment protocol was performed as previously described ([@b8-ijo-53-04-1481]). Nucleotides 228-246 (CTCGCTCATTGGTGGAAAT) of the TCTP (GenBank accession no. NM003295) coding sequence was selected as the target for shRNA. The shRNA-TCTP encoding sequence was created by using two complementary oligonucleotides, each containing the 19-nucleotide target sequence of TCTP (228-246), followed by a short spacer (TTCAAGAGA). The shRNA TCTP-encoding sequence was cloned into the *Bam*HI and *Bbs*I sites of the pGPU6/GFP/Neo siRNA expression vector (GenePharma, Shanghai, China).

Construction of plasmid overexpressing TCTP
-------------------------------------------

Primers were designed to amplify the coding region of TCTP as follows: Forward, GAAGATCTATGATTATCTACCGGGACCTCAT (*Bgl*II) and reverse, GGAATTCTTAACATTTTTCCATTTCTAAACCA (*Eco*RI). The pEGFP-C1-TCTP was constructed and verified by sequencing the inserted gene. The plasmid was transfected into cells with Lipofectamine 2000™ (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. Stable transfectants were selected using G418 (Gibco; Thermo Fisher Scientific, Inc.), and the GFP signal was visualized under a laser-scanning confocal microscope.

Lactate dehydrogenase (LDH) assay
---------------------------------

The levels of LDH released into the culture medium were determined using an LDH assay kit (Sigma-Aldrich; EMD Millipore) in accordance with the manufacturer\'s protocol. The cell culture supernatants were collected by centrifugation at 300 × g for 5 min at room temperature, followed by transfer onto 96-well plates. The plates were treated with reaction solution and placed in the dark for 30 min at room temperature. The absorbance was measured at 490 nm in an automatic microplate reader, subtracting the corresponding background values from all samples.

Cell invasion assay
-------------------

Cell invasion assays were performed using Costar^®^ Transwell™ Permeable Supports (Corning Incorporated, Corning, NY, USA). The cells (2×10^5^) were suspended in DMEM supplemented with 0.1% FBS and added to the upper chamber. The lower chamber contained 500 *μ*l of DMEM with 10% FBS, and the polycarbonate filter was coated with 40 *μ*l of Matrigel (R&D Systems, Inc., Wiesbaden, Germany). Following 24 h of incubation at 37°C, the cells on the upper surface of the filter were removed by wiping with a cotton swab. The filters were fixed in 4% paraformaldehyde and were stained with crystal violet. Those cells that migrated to the lower surface of the filter were counted based on six fields randomly under an EVOS FL Auto fluorescence microscope (Invitrogen; Thermo Fisher Scientific, Inc.) at ×400 magnification.

Luciferase assay
----------------

The LoVo cells were seeded in 24-well plates at 1×10^5^ cells per well. The cells were transiently co-transfected with 400 ng of pNF-κB-Luc (Clontech Laboratories, Inc., Mountain View, CA, USA) and 4 ng of pRL-SV40 (Promega, Madison, WI, USA) using Lipofectamine 2000™ (Invitrogen). The pRL-SV40 plasmid with a cDNA encoding *Renilla* luciferase was used as an internal control. The cell extracts were prepared in luciferase cell culture lysis buffer (Promega). The activities of firefly and *Renilla* luciferases were measured sequentially from a single sample with the Dual Luciferase Reporter Assay system (Promega) using a Lumat LB 9507 luminometer (Bethold Technologies, Bad Wildbad, Germany).

Tumor xenografts
----------------

Male BALB/c nude mice (n=6 each group), aged from 6 to 8 weeks and weighing approximately 18--22 g, were supplied by the Laboratory Animal Center of Southern Medical University (Guangzhou, China). All mice were bred under specific pathogen-free conditions, at light periods of 12 h each day, and were fed water and mouse chow *ad libitum*. The experiment was approved by the Association for the Accreditation and Assessment of Laboratory Animal Care (Guangzhou, China). To produce the experimental liver metastasis model, LoVo cells (5×10^6^) were injected into the spleen of nude mice, as described previously ([@b7-ijo-53-04-1481],[@b8-ijo-53-04-1481]). Following 5 weeks of inoculation, the mice (weighing from 28 to 39 g) were sacrificed and the tumors were collected. The number of macroscopically visible metastatic nodules on the surface of liver was counted. The tumor specimens from primary or metastatic sites were used for histological examinations and immunohistochemical assays.

Statistical analysis
--------------------

All data are expressed as the mean ± standard deviation. Multiple comparisons were performed using one-way analysis of variance (ANOVA) or nested ANOVA with the Bonferroni test or Dunnett\'s T3 test, depending on whether equal variances could be assumed. The non-parametric Kruskal-Wallis test was used for the comparison of the immunohistochemical staining scores. Pearson\'s correlation coefficient was used to measure the association between detected values of TCTP and HMGB1. P\<0.05 was considered to indicate a statistically significant difference. All statistical analyses were performed using SPSS 23.0 for Windows (IBM SPSS, Armonk, NY, USA).

Results
=======

Expression of TCTP in CRC tissue is closely correlated with HMGB1 serum concentration in patients with CRC
----------------------------------------------------------------------------------------------------------

To investigate whether TCTP and HMGB1 have correlativity in the tumor progression and metastasis of CRC, the present study measured the protein level of TCTP in CRC tissue and the serum concentration of HMGB1 in patients with CRC, and assessed the correlation between them. The representative result of immunohistochemical staining of TCTP is shown in [Fig. 1A](#f1-ijo-53-04-1481){ref-type="fig"}. In contrast to the immunoreaction of TCTP in adjacent normal colorectal mucosa or lymph nodes, where it was either absent or barely detectable, the expression of TCTP was markedly increased in carcinoma and metastatic foci in lymph nodes. Significant differences were also found in the comparison of TCTP-staining scores between samples from patients with CRC and controls (P\<0.001). As shown in [Fig. 1B](#f1-ijo-53-04-1481){ref-type="fig"}, the protein levels of TCTP were detected in CRC samples from patients with CRC (with or without metastasis) and from control subjects with benign polyps. As shown by the immunoblotting analysis, the expression of TCTP was markedly higher in the CRC samples than in the non-tumor samples, and was further elevated in tumors that had undergone metastasis. The average serum levels of HMGB1 detected by ELISA examination in patients with CRC and control subjects are shown in [Fig. 1C](#f1-ijo-53-04-1481){ref-type="fig"}. The serum concentrations of HMGB1 were significantly higher in patients with non-metastatic CRC than in the control group (35.443±3.873 vs. 14.007±3.348 ng/ml), and this difference was more evident when the patients developed distant metastasis (mean HMGB1 serum level, 41.682±4.689 ng/ml). As shown in [Fig. 1D](#f1-ijo-53-04-1481){ref-type="fig"}, there was a positive correlation between serum HMGB1 value and tumor tissue TCTP expression (Pearson\'s correlation coefficient, 0.935; P\<0.001). All these data suggest there may be a potential interaction between the two important tumor-promoting proteins.

TCTP induces HMGB1 cytoplasmic translocation in LoVo cells and extracellular release from cells
-----------------------------------------------------------------------------------------------

To better understand the functions of TCTP in carcinoma cells, vectors for overexpression or knockdown of the TCTP gene were constructed and stably transfected into LoVo cells. This was followed by investigation of whether alteration of the expression of TCTP elicits variation in the expression and location of HMGB1. The results of the immunofluorescence assay revealed the transportation of HMGB1, as shown in [Fig. 2A](#f2-ijo-53-04-1481){ref-type="fig"}. The fluorescent staining of HMGB1 was largely confined to the nuclei in parental LoVo cells, and was weak when TCTP was knocked down. By contrast, the signal was redistributed to the cytoplasm following upregulation of the expression of TCTP. The immunoblotting analysis ([Fig. 2B](#f2-ijo-53-04-1481){ref-type="fig"}) further revealed that the cytoplasmic expression of HMGB1 was significantly increased with the increased expression of TCTP, with a correlation rate of 0.984.

High cytoplasmic levels of HMGB1 usually occur in the context of active HMGB1 release. To confirm this, the present study measured the level of HMGB1 in the culture medium of LoVo cells transfected with the vectors described above. As shown in the immunoblotting ([Fig. 2B](#f2-ijo-53-04-1481){ref-type="fig"}), the alteration in the protein level of HMGB1 in the medium was approximately parallel with the change in the expression of TCTP in LoVo cells, which followed a similar pattern to that observed for the expression of HMGB1 in the cytoplasm. Taken together, these results demonstrated that TCTP induced the release of HMGB1 from the nucleus to the cytoplasm and into the extracellular space.

It is reported that LDH can leak into extracellular fluids only when damage to the plasma membrane occurs ([@b23-ijo-53-04-1481]). Therefore, the LDH assay was applied to determine whether TCTP can destroy the integrity of the cellular membrane, thus resulting in the release of HMGB1. As shown in [Fig. 2C](#f2-ijo-53-04-1481){ref-type="fig"}, transfection with either the TCTP-overexpression or TCTP-knockdown plasmids caused minimal LDH leakage, which showed no significant differences when compared with the control LoVo cells. This result indicated that the TCTP-induced release of HMGB1 was the consequence of cell secretion rather than cell membrane damage.

TCTP triggers NF-κB activation in LoVo cells, which is mediated by HMGB1 and its receptors TLR4 and RAGE
--------------------------------------------------------------------------------------------------------

As NF-κB has been revealed as a downstream signaling component of several receptors of HMGB1 ([@b12-ijo-53-04-1481],[@b17-ijo-53-04-1481]--[@b19-ijo-53-04-1481]), and the behavior of HMGB1 in cancer cells appeared to be influenced by TCTP according to the above experiments, the present study examined whether NF-κB is also involved in the TCTP-induced signaling pathway. The expression levels and the activity of NF-κB were evaluated in LoVo cells following altering of the gene expression of TCTP. As revealed by the immunoblotting analysis ([Fig. 3](#f3-ijo-53-04-1481){ref-type="fig"}), compared with the untreated normal control LoVo cells, the overexpression of TCTP reduced the protein level of IκBα in the cytoplasm, and simultaneously increased the expression of NF-κB p65 subunit in the nucleus (P=0.003 and P\<0.001, respectively), indicating a process of proteolytic degradation of IκB and nuclear translocation of NF-κB. By contrast, when the TCTP-overexpressing cells were treated with antibody against HMGB1 (5 *μ*g/ml for 24 h), the responses of IκBα and NF-κB p65 elicited by TCTP were significantly reversed (P\<0.001). Further experiments revealed ([Fig. 4A](#f4-ijo-53-04-1481){ref-type="fig"}) that the inhibition of HMGB1 by applying antibodies to its receptors TLR4 or RAGE (5 *μ*g/ml for 24 h) in these cells also led to a reduction of TCTP-induced NF-κB activation. These findings were consistent with the results of the luciferase assay ([Fig. 4B](#f4-ijo-53-04-1481){ref-type="fig"}), which showed that the activity of NF-κB was enhanced by the overexpression of TCTP or administration of rhHMGB1 (10 *μ*g/ml for 24 h), but decreased by the antagonists of HMGB1. Knockdown of the TCTP gene in LoVo cells led to a similar effect to these antagonisms of HMGB1 on the activation of NF-κB. Taken together, these results indicated that TCTP activated NF-κB in LoVo cells through the mediation of HMGB1 and its receptors TLR4 and RAGE.

TCTP increases the invasion potential of LoVo cells through activation of the HMGB1-TLR4/RAGE-NF-κB pathway
-----------------------------------------------------------------------------------------------------------

The present study further investigated the invasive capacity of LoVo cells following the treatments described above. As shown in [Fig. 5](#f5-ijo-53-04-1481){ref-type="fig"}, compared with the untreated parental LoVo cells, the downregulation of TCTP significantly inhibited the invasion ability of the tumor cells, whereas the upregulation of TCTP led to the opposite result (both P\<0.001). These three groups of cells were then treated with rhHMGB1 or relevant neutralizing antibodies. The results demonstrated that the increased cell invasiveness induced by TCTP was further promoted by rhHMGB1, but was substantially attenuated by administration of antibodies against HMGB1, TLR4 or RAGE. In addition, treatment with the specific NF-κB inhibitor Bay117082 (5 *μ*mol/l) significantly suppressed tumor cell invasion. These results indicated that the effect of TCTP on the invasion of LoVo cells was mediated by the HMGB1-TLR4/RAGE-NF-κB pathway.

TCTP regulates the expression of HMGB1 in xenograft tumors in nude mice
-----------------------------------------------------------------------

As it was found that the expression of HMGB1 in LoVo cells was regulated by TCTP, a corresponding change in the expression of HMGB1 was anticipated in xenograft tumors in nude mice following modulation of TCTP gene expression. The visualized observations were similar to our previous studies ([@b7-ijo-53-04-1481],[@b8-ijo-53-04-1481]), which showed that the weight of xenograft tumors and the number of hepatic metastases were synchronously altered with the expression level of TCTP in LoVo cells (data not shown). In addition, the immunostaining density of HMGB1 was positively linked with that of TCTP in primary tumor tissues ([Fig. 6A](#f6-ijo-53-04-1481){ref-type="fig"}) and in metastatic foci ([Fig. 6B](#f6-ijo-53-04-1481){ref-type="fig"}), both of which varied in accordance with the gene expression levels of TCTP in the LoVo cells. Further microscopic examinations revealed that the metastatic nodules in mouse livers were significantly augmented with the increased expression of TCTP ([Fig. 6B](#f6-ijo-53-04-1481){ref-type="fig"}, \'H&E&rsquor; panel). There were significant differences in the immunohistochemical staining scores of TCTP and HMGB1 between either the TCTP-overexpression or TCTP-knockdown groups and the control (all P\<0.05). These findings suggested that TCTP promoted the progression of CRC and liver metastasis; it also regulated the expression of HMGB1, which possibly produced synergistic effects on the metastatic process of CRC.

Discussion
==========

In the present study, it was demonstrated that the expression level of TCTP was significantly increased in CRC tissues, which supports others\' and our previous reports ([@b7-ijo-53-04-1481],[@b8-ijo-53-04-1481],[@b24-ijo-53-04-1481]). It was found that the serum level of HMGB1 was markedly elevated in patients with CRC, which is consistent with previous reports ([@b25-ijo-53-04-1481],[@b26-ijo-53-04-1481]). The results also showed that the expression of TCTP and the concentration of HMGB1 were markedly higher in the samples from patients with CRC with distant metastasis, indicating that they are associated with the clinical severity and prognosis of CRC. In addition, it was found that there was a strong positive correlation between the two increased proteins. This is the first time, to the best of our knowledge, that TCTP and HMGB1 have been assessed together in an integrated study to test the hypothesis that they may have an interconnection in the process of tumor progression and metastasis. These preliminary findings provide incentive for further investigation of the interaction between the two tumor-promoting factors.

From the *in vitro* experiments, it was noted that TCTP induced the cytoplasmic translocation of HMGB1 and its further release into the extracellular environment. These findings support the hypothesis that HMGB1 can be secreted from CRC cells, which has been documented previously ([@b14-ijo-53-04-1481],[@b27-ijo-53-04-1481]), and provide important novel insight that the secretion of HMGB1 is regulated by TCTP. Furthermore, in xenograft tumors in nude mice, it was found that augmentation of expression of TCTP promoted liver metastasis of CRC cells, which was accompanied by a marked increase in the expression of HMGB1. This finding confirmed that TCTP regulated the behavior of HMGB1, which may produce synergistic effects on the formation and metastasis of CRC.

It appears that, when secreted from cells, HMGB1 becomes a multifunctional cytokine for regulating cell proliferation, survival and migration ([@b12-ijo-53-04-1481]--[@b17-ijo-53-04-1481]). Previous evidence indicates that extracellular HMGB1 is not only involved in chronic inflammatory-reparative responses, which contribute to tumor cell survival and metastasis ([@b27-ijo-53-04-1481]--[@b29-ijo-53-04-1481]), but also induces apoptosis in immune cells, resulting in an attenuation of anticancer immune responses ([@b30-ijo-53-04-1481]). TLR and RAGE, the main receptors of HMGB1, also contribute to the progression and metastasis of CRC ([@b31-ijo-53-04-1481]--[@b35-ijo-53-04-1481]). It has been shown that the HMGB1-TLR-RAGE tripod frequently activates the downstream NF-κB signaling pathway ([@b17-ijo-53-04-1481]--[@b19-ijo-53-04-1481]), and it has subsequently been demonstrated that dimerized TCTP, the biologically active form of TCTP, can also activate the NF-κB pathway and induce inflammation ([@b36-ijo-53-04-1481]). However, there is no literature concerning whether the NF-κB pathway is involved in TCTP-promoted tumor cell invasion and metastasis. The present study provided evidence that TCTP stimulated the activation of NF-κB in colon adenocarcinoma cells, and that this was abrogated by antibodies against HMGB1, TLR4 or RAGE. These results indicated that TCTP can induce the activation of NF-κB through the mediation of HMGB1 and its receptors TLR4 and RAGE. In addition, it was found that TCTP and the successive activation of the HMGB1-TLR4/RAGE-NF-κB pathway enhanced the invasion potential of LoVo cells, whereas the specific NF-κB inhibitor Bay117082 attenuated the increased invasiveness of tumor cells. This indicated that the activation of NF-κB signaling is essential for TCTP-mediated tumor cell migration and invasion.

Although experimental studies have revealed the importance of NF-κB in the initiation and propagation of CRC, the mechanisms underlying how NF-κB promotes tumor metastasis remain to be fully elucidated. There are several reasons that may account for NF-κB-facilitated tumor metastasis. Firstly, NF-κB orchestrates a variety of cellular effectors of inflammation to constitute a local environment that may promote cancer cell invasiveness ([@b37-ijo-53-04-1481]--[@b39-ijo-53-04-1481]). Secondly, NF-κB upregulates the expression of target genes that are involved in tumor metastasis, for example MMPs ([@b20-ijo-53-04-1481],[@b40-ijo-53-04-1481],[@b41-ijo-53-04-1481]). Finally, increasing data suggest that NF-κB is implicated in the progression of cancer epithelial-to-mesenchymal transition, which is an essential process in the initiation of tumor spread ([@b42-ijo-53-04-1481]--[@b44-ijo-53-04-1481]). Previous studies have indicated that HMGB1 and TCTP can induce epithelial-to-mesenchymal transition and thus promote tumor cell migration and invasion ([@b31-ijo-53-04-1481],[@b42-ijo-53-04-1481],[@b45-ijo-53-04-1481]). Therefore, NF-κB and its upstream and downstream network present a rational target to curb the progression of CRC.

Of note, HMGB1 can be modified posttranslationally in multiple ways, which may in turn determine the location and secretion of HMGB1 and its interactions with DNA and other proteins ([@b46-ijo-53-04-1481]). The discrepancy in bioactivities of HMGB1 may be associated with different cell types or tissue sources, or its responses to different stimuli ([@b47-ijo-53-04-1481]). In addition, TCTP has diverse biological activities on account of its different forms ([@b36-ijo-53-04-1481]), localizations ([@b7-ijo-53-04-1481]) or extracellular environments ([@b2-ijo-53-04-1481]). Therefore, future investigations require that all these factors are taken into consideration, and the design of further investigations requires the use of strategies to inhibit the expression, release or activity of these dynamic proteins for comprehensive assessment of their functions and interactions in regulating tumor progression.

In conclusion, the present study indicated that TCTP affected the behaviors of HMGB1, and facilitated CRC cell invasion via HMGB1-mediated activation of the NF-κB pathway. These findings provide novel clues for elucidating the mechanism of TCTP-induced metastasis of CRC, and suggest that TCTP can be used as a potential target for anticancer therapy.
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![Detection of the histological expression of TCTP and serum value of HMGB1 in patients with CRC. (A) Immunohistochemical detection of expression of TCTP in CRC tissues (upper panel) and metastatic lymph nodes (lower panel) and the adjacent normal tissues. Specific TCTP staining is shown in brown. Panels a, c, d and f, show a magnification of ×400; panels b and e show a magnification of ×100. Panels a, c, d and f are amplifications of the marked (with squares) areas shown in panels b and e, respectively (^\*\*\*^P\<0.001 between CRC and non-tumor groups). (B) Immunoblot analysis of expression of TCTP in colorectal samples from patients with CRC or from control subjects with benign polyps (non-tumor). Values were normalized to the internal control GAPDH (^\*\*\*^P\<0.001 between each two groups). (C) Enzyme-linked immunoassay examination of serum levels of HMGB1 in patients with CRC and control subjects (non-tumor) (^\*\*\*^P\<0.001 between each two groups). (D) Correlation plot generated with serum HMGB1 values and tumor tissue TCTP expression in 30 patients with CRC and 10 non-cancerous controls (Pearson\'s correlation coefficient, 0.935; P\<0.001). CRC, colorectal cancer; TCTP, translationally controlled tumor protein; HMGB1, high mobility group box 1; M0, no metastasis; M1, metastasis.](IJO-53-04-1481-g00){#f1-ijo-53-04-1481}

![Effect of TCTP on the expression and secretion of HMGB1 in LoVo cells. (A) Immunofluorescence analysis of the expression of HMGB1 following modulation of the expression of TCTP in LoVo cells (magnification, ×400). Green, HMGB1; blue, nuclei; red, F-actin. (B) Immunoblotting analysis of the expression of HMGB1 in the cytoplasm and the culture medium of LoVo cells following modulation of the expression of TCTP. Values were normalized to the internal control GAPDH. ^\*\*^P\<0.01, compared with LoVo-NC cells. Similar results were obtained in four independent experiments. (C) Measurement of extracellular LDH release from control LoVo cells or cells transfected with vectors. The results are expressed as a percentage relative to the control group. No significant difference was observed in LDH activity among the three cell lines. LoVo-NC, normal control LoVo cells; TCTP-K, LoVo cells transfected with TCTP-knockdown vector; TCTP-O, LoVo cells transfected with TCTP-overexpression vector; TCTP, translationally controlled tumor protein; HMGB1, high mobility group box 1; LDH, lactate dehydrogenase.](IJO-53-04-1481-g01){#f2-ijo-53-04-1481}

![Effect of TCTP on the activation of NF-κB in LoVo cells. Expression levels of cytoplasmic IκBα and nuclear NF-κB p65 subunit were detected by immunoblotting analysis. GAPDH and Lamin B were used as internal controls of cytoplasmic and nuclear protein, respectively. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, compared with the LoVo-NC cells; ^\#\#\#^P\<0.001, between the TCTP-O cells with and without anti-HMGB. Similar results were obtained in four independent experiments. LoVo-NC, normal control LoVo cells; TCIP-O, LoVo cells transfected with TCTP-overexpression vector; TCTP, translationally controlled tumor protein; HMGB1, high mobility group box 1; NF-κB, nuclear factor-κB; IκBα, inhibitor of NF-κBα.](IJO-53-04-1481-g02){#f3-ijo-53-04-1481}

![Effect of antibodies against HMGB1 or its receptors TLR4 and RAGE on the TCTP-induced activation of NF-κB in LoVo cells. (A) Immunoblotting analysis of the expression of cytoplasmic IκBα and nuclear NF-κB p65. Lanes: 1, LoVo-NC; 2, TCTP-O; 3, TCTP-K; 4, TCTP-O +10 *μ*g/ml rhHMGB1; 5, TCTP-O + 5 *μ*g/ml anti-HMGB1; 6, TCTP-O + 5 *μ*g/ml anti-TLR4; 7, TCTP-O + 5 *μ*g/ml anti-RAGE. GAPDH and Lamin B were used as internal controls of cytoplasmic and nuclear protein, respectively. ^\*^P\<0.05 and ^\*\*^P\<0.01, compared with LoVo-NC cells. Data are the representative of four experiments with similar results. (B) Activity of NF-κB was determined by a Luciferase reporter assay. ^\*\*^P\<0.01, compared with LoVo-NC cells. Each assay was performed in triplicate. LoVo-NC, normal control LoVo cells; TCTP-K, LoVo cells transfected with TCTP-knockdown vector; TCTP-O, LoVo cells transfected with TCTP-overexpression vector; TCTP, translationally controlled tumor protein; HMGB1, high mobility group box 1; rhHMGB1, recombinant human HMGB1; NF-κB, nuclear factor-κB; TLR4, Toll-like receptor 4; RAGE, receptor for advanced glycation end products.](IJO-53-04-1481-g03){#f4-ijo-53-04-1481}

![Effect of TCTP and the HMGB1-TLR4/RAGE-NF-κB pathway on the invasion potential of LoVo cells (magnification, ×400). The invasive capacity of LoVo NC cells (middle), LoVo TCTP-O cells (left) or LoVo-TCTP-K (right) were assessed by a cell invasion assay. The number of invasive cells was quantified by visual counting of six randomly selected fields. The groups comprised cells left untreated as controls, cells treated with rhHMGB1 (10 *μ*g/ml) or anti-HMGB1, anti-TLR4, anti-RAGE (all 5 *μ*g/ml) or the specific NF-κB inhibitor Bay117082 (5 *μ*mol/l), respectively. ^\*\*^P\<0.01, compared with untreated cells. Similar results were obtained in four independent experiments. LoVo-NC, normal control LoVo cells; TCTP-K, LoVo cells transfected with TCTP-knockdown vector; TCTP-O, LoVo cells transfected with TCTP-overexpression vector; TCTP, translationally controlled tumor protein; HMGB1, high mobility group box 1; rhHMGB1, recombinant human HMGB1; NF-κB, nuclear factor-κB; TLR4, Toll-like receptor 4; RAGE, receptor for advanced glycation end products.](IJO-53-04-1481-g04){#f5-ijo-53-04-1481}

![Effect of TCTP on the expression of HMGB1 in xenograft tumors in nude mice. (A) Expression of TCTP and HMGB1 in the developed tumors in the nude mouse spleen were detected 5 weeks following inoculation with LoVo cells (magnification, ×400). ^\*^P\<0.05, compared with mice receiving normal control LoVo cells. (B) Expression of TCTP and HMGB1 in metastatic tumors in the nude mouse liver were detected 5 weeks following inoculation with LoVo cells (magnification, ×400). ^\*^P\<0.05, compared with mice receiving normal control LoVo cells. The H&E panel shows sections of liver stained with H&E (magnification, ×100). TCTP-NC, normal control LoVo cells; TCTP-K, LoVo cells transfected with TCTP-knockdown vector; TCTP-O, LoVo cells transfected with TCTP-overexpression vector; TCTP, translationally controlled tumor protein; HMGB1, high mobility group box 1; H&E, hematoxylin and eosin.](IJO-53-04-1481-g05){#f6-ijo-53-04-1481}
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